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Introduction
Experimental and theoretical results have shown that the behavior of fuel rods during a severe accident may be significantly influenced by the uptake of hydrogen in the fuel rod cladding in the regions of the reactor core with a hydrogen-rich (steam-starved) environment. The uptake of H2 does not begin until the oxide layer dissolves into the metallic layer. This dissolution process results from a hydrogen-rich environment at the outer surface of the oxide layer. The uptake of hyclrogen may cause a heatup of the cladding that is of the same order of magnitude as that caused by oxidation. The uptake of hydrogen may embrittle the fuel rod cladding and make it vulnerable to cracking during a core reflood. In a steam-rich environment, the cracking of the cladding results in a release of hydrogen from the cladding to the bulk fluid. SCDAP/RELAP5/MOD3.21 has no models for hydrogen uptake and hydrogen release or for evaluating the vulnerability to cracking caused by hydrogen uptake. Preliminary designs for models of these aspects of fuel rod behavior are proposed in this report.
This report is organized as follows. A model for calculating the time at which a Zr02 layer may disappear due to dissolution of oxygen into the adjoining metallic layer is described in Section 2. This model applies the integral diffusion method to calculate the diffusion of oxygen from the bulk gas into the cladding oxide layer and then into the cladding metallic layer. Section 3 describes the model for calculating the rate of hydrogen uptake and the resulting heat generation following the disappearance of the oxide layer. A model for evaluating the vulnerability of the cladding to cracking due to embrittlement caused by hydrogen uptake is described in Section 4. This section also describes a model for calculating the rate of release of hydrogen after cracking of the cladding. A design for implementation of the Zr-H interaction models into the programming framework of SCDAP/RELAF5 is described in Section 5. A test matrix for assessing the models for hydrogen uptake and its consequences is presented in Section 6. A summary of the Zr-H interaction models is presented in Section 7 and the references are listed in Section 8.
Oxygen Transport and Dissolution of Oxide Layer
Hydrogen uptake occurs after the oxide layer at the cladding outer surface dissolves into its adjoining metallic layer. This event can happen when a relatively thin oxide layer exists in a steamstarved environment for a period of time. The calculation of this event in turn requires the calculation of the t r a n s~r t of oxygen from the bulk gas to the oxide layer and then from the oxide layer to the metallic layer. Figure 1 shows schematically the oxygen distribution in the gas boundary layer, cladding oxide Radial distribution of oxygen in the bulk gas and in the cladding.
layer, and cladding metallic layer. The symbols in Figure 1 are defined in Table 1 . The overall oxygen transport is calculated by coupling the equations that calculate the diffusion of oxygen through the three layers shown in Figure 1 . The method of solution as derived by Olande? will be used. The oxygen transport is governed to a significant extent by the phase diagram for the Zr -0 system. same as those defined in Table 1 . In a steam-rich environment, C, equals 2.00 and the outer surface is stoichiometric oxide Zr02. In a steam-starved environment, y, may be small enough that C, is less than 2.00. When C, is reduced in value to the 0 / Zr ratio of the lower phase boundary of zirconia (C, = C, as shown in Figure 2) , the oxide layer gradually dissolves into the metallic layer and eventually may completely disappear. When this occurs, hydrogen begins to diffuse into the metallic layer.
The equations for calculating the oxygen diffusion through the three layers shown in Figure 1 are described next.
The flux of water vapor through the gas boundary layer is calculated by the equation The mass transfer coefficient kg is calculated using the analogy between heat and mass transfer.
According to this analogy, NuD, kg= dh where Nusselt number of the bulk gas -
The variable D, will be calculated by the model for mass diffusivity that is currently in SCDAP/ RELAPS '. This model is applicable to gas mixtures composed of several species. An alternative model for a mixture of H20 and H2 is presented in Appendix A.
The diffusion of oxygen through the gas boundary layer and then through the oxide layer can be regarded as two steps in series. Thus, diffusic'n through the two layers is equal and expressed by the equation 
The correlation to be used for Do, is given in Appendix A.
The value of C, in Equation (3) is very close to the value of 2.0 as long as the gas at the cladding surface contains at least a small fraction of water vapor. Thus, for usual applications. Equations (1) and (3) can be combined to give When y, as calculated by Equation (4) is negative, then the oxygen uptake is limited to the flux through the gas boundary layer as given by Equation (1) with ys equal to 0.0. Thus for this condition, C, is given by the equation
The overall mass balance on zirconium is given by the equation Oxygen transport in the metallic layer is governed by Fick's law, with a convective term that accounts for the moving oxide-metal interface. Fick's law is expressed by the equation O/Zr ratio in the metallic layer at timet and at radial coordinate x, distance from moving interface, =shown in Figure 1 c(0, t) = Cb (9) accS,t> = 0.0
ax
The correlation to be used for D, is given i n Appendix A.
The integral diffusion method is applied by integrating Equation The variable E is calculated by the equatioia L c( x, t)dx.
Equation (11) is converted to an ordinary differential equation by choosing an approximate distribution c(x,t) that automatically satisfies the boundary conditions as expressed by Equations (9) and (10) and contains a single time-dependent parameter whose value at t = 0 is chosen to satisfy the initial conditions as expressed by Equation (8) . Such an1 approximate distribution is given by the function
The variable E is a function of time and it is evaluated by the relationship between E and the average OEr ratio in the metallic layer. This relationshy) is obtained by substituting Equation (13) into Equation (12) . The result of this substitution is
The rate of movement of the inside surface of the oxide layer is equal to the difference between the oxygen flux on the outside surface of the metallic layer and the oxygen flux on the inside surface of the oxide layer. The oxygen concentration distribution in the oxide layer is assumed to be linear. Thus the variable ( d c ' / d~' )~ in Equation (15) is given by the equation Substituting Equation (17) into Equation (13, replacing p , with its equivalent of p, , / G. and evaluating the oxygen concentration gradient at x = 0 in Equation (15) using Equation (13) yields the equation Equations (18). (6), ( l l ) , and (14) are a coupled set of equations for solving for the unknown variables 6,5, E , and E. respectively.
The calculated value of 6 is used to determine whether Zr-H reaction begins in the cladding. If 6 is greater than zero, then the oxide layer insulates the metallic layer from the hydrogen in the bulk gas. If 6 is equal to zero, then hydrogen diffuses into the metallic layer.
The integral solution method will next be presented for calculating oxygen transport in the other two possible states of the cladding, namely the state clf no oxide layer being present and the state of no metallic layer being present. With the description of the solution for these states. the integral method is shown to be applicable to all possible states of the cladding.
In the event that the oxide layer has dissolved completely into the metallic layer and is no longer present, the oxygen transport in the metallic layer is then governed by the equation
The boundary condition for Equation (19) at the outer surface of the metallic layer is the oxygen flux through the gas phase boundary. This boundary condition is expressed by the equation
At the inner surface of the metallic layer, the zero flux condition applies, i.e.
(2) 5, = O.
The initial condition for Equation (19) is the oxygen distribution in the metallic layer at the time that the oxide layer just disappeared. The integral method will also be applied to solve for Equation (19). The approximate distribution in oxygen as defined by Equation (13) is adopted for the solution of Equation (19) with the terminal oxygen solubility at the outer surface of the metallic layer (variable Cb in Equation (1 3)) replaced by the undetermined function c(0. t):
The average oxygen concentration in the metallic phase is thus given by the equation
Substituting the approximate oxygen distribution as given by Equation (23) into Equation (20) and using Equation (23) to eliminate the surface concentration fixes the parameter E according to The concentration of oxygen at the external surface of the metallic layer can be determined by solving Equation (23) for c(0,t). The result is
Finally, the integration with respect to x over the domain (0 c x c' io ) results in the equation Equations (24) and (26) are a set of two coupled equations for solving for the two variables E and t; , respectively. Equation (25) is also applied at each time step to determine whether the surface concentration c(o,t) has returned to the terminal solubility Cb. If the value of the right hand side of Equation (25) is greater than unity, then c(o,t) has exceeded the surface solubility and the oxide layer forms again.
The case of an oxide layer propagating to the inner surface of the cladding is presented next. The time at which the oxide layer propagates to the inner surface is designated by the symbol tSw. The average OEr ratio in the oxide layer and the oxygen concentration gradient through the oxide layer are given by the equations
For t > gw, the oxygen concentration distri,ution through the oxide layer is no longer linear. The gradient of the oxygen concentration distribution at the inner surface of the cladding is given by the equation
To track the approach of the oxide layer to complete conversion of stoichiometric Zr02, the oxygen concentration distribution through the oxide layer is assumed to be approximated by the following function:
where In Equation (30), the variable "a" is a function of time that is to be determined. Equation (31) has only one minimum for positive values of q , and that occurs at q =1, which results in the boundary condition for the inner surface of the cladding being satisfied as expressed by Equation (29).
The average oxygen concentration in the oxide layer as given by Equation (30) is given by the
The gradient in the oxygen concentration at the outer surface of the oxide layer is given by the equation
Equation (32) satisfies Equation (28) when the function a(t) at time t,, has the following value; a(t,,) = c,-c,. (29) and (32), respectively. The result is an ordinary differential equation for the variable a(t), which is expressed by the equation
The initial condition for Equation (35) is given by Equation (33). Since the variable Do, varies with temperature and thus in severe accident conditions varies with time, Equation (35) cannot be directly integrated.
The oxygen uptake rate is determined from the solution of Equation (35) 
in conjunction with
A complete set of equations have now been expressed for calculating oxygen diffusion through the cladding for the three possible phase states of the cladding.
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The integral method for calculating oxygen uptake is more accurate than the parabolic kinetics method for the case of steam starvation and transient temperature.* Since the integral method is necessary for calculating the time at which hydrogen uptake begins. its implementation for this purpose also results in a complete calculation of cladding oxidation. Thus, the option exists for replacing the existing parabolic kinetics modeling of cladding oxidation with the integral solution method. As described further in Section 5, an input option will be implemented that provides the capability to compare the accuracy and robustness of these two methods of solution.
Hydrogen Uptake in Cladding
The disappearance of the cladding oxide layer in a region of the reactor core with hydrogen-rich fluid results in the diffusion of hydrogen into the cladding. The calculation of the time that the oxide layer may disappear has been presented in Section 2. This section presents a set of equations that can be solved to calculate the uptake of hydrogen in the cladding. Equations are also presented for calculating the effect of hydrogen uptake on fuel rod heatup.
A simplified approach to calculating the rate of hydrogen uptake is proposed that capitalizes on the numerical results of detailed calculations. A det modeling of hydrogen uptake involves the coupling of several phenomena; (1) diffusion of hydrogen from the fluid adjoining the external surface of the cladding through the cladding and into the fuel-cladding gap, (2) ternary diffusion of a mixture of Xe, He, and H2 in the axial direction through the fuel-ciadding gap and then through the breach in the cladding caused by cladding rupture, (3) release from fuel of Xe, and (4) diffusion of He from the upper fuel rod plenum into the fuel-cladding gap. 3 Calculations have shown that the hydrogen uptake occurs rapidly until the equilibrium solubility of the cladding is attained. In a calculation with conditions typical of a severe accident, the hydrogen uptake to the equilibrium solubility occurred in about 50 s.' This period of time is small compared with the period of time for evolution of the important damage progression events occurring during a severe accident. The rate of hydrogen permeation of the cladding was calculated to be much greater than the rate of diffusion of hydrogen from the breach site. Also, the amount of hydrogen that can be absorbed by the fuel-cladding gap is small compared to the amount of hydrogen that can be absorbed by the cladding. In view of the short time period for hydrogen uptake and in view of the relativelly small effect of hydrogen absorption and diffusion in the fuel-cladding gap. the modeling of the axial diffusion of hydrogen through the fuel-cladding gap and then its diffusion out of the breach site is not justified. Therefore, a simplified approach to calculating hydrogen uptake will be taken.
The equilibrium solubility of hydrogen in the Zircaloy is assumed to be governed by Sievert's law? According to Sievert's law for Zr-H interaction, the equilibrium solubility is given by the equation where
CH

PH2
H/Zr ratio of the metal in equilibrium with the gas containing H2 at a pressure of p H 2 .
Sievert's law constant which is a function of temperature. According to experimental results obtained by Moalem and Olander4, the entropies and enthalpies of solution of hydrogen in zirconium vary somewhat with the oxygen content and the phase (a or p ) of the zirconium. Representative values for severe accident analysis are:
and AH = -13.1.
Since the enthalpy of solution ( A H ) is negative, the Zr-Hz reaction is exothermic and thus causes an increase in the heatup of the cladding. The rate of hydrogen uptake after disappearance of the oxide layer is based on Olander's numerical results3 and not upon mechanistic modeling. According to Olander's numerical results. the hydrogen uptake for conditions of a typical severe accident attaim an equilibrium level in -50 s. This calculated rate of hydrogen uptake is consistent with the rate of hydrogen uptake measured by Steinbruck, et al. ' The hydrogen uptake is assumed to follow a parabolic kinetics rule. The change in cladaing temperature during the period of hydrogen uptake is assumed to be small. Thus, the rate of hydrogen uptake is assumed to be given by the equation: --
where -'dis -time at which the oxide layer on the external cladding surface disappeared (s).
The value of Wh at the equilibrium concenlration of hydrogen is CH as calculated by Equation (42). Substituting The time to attain an equilibrium level of hydrogen concentration is assumed to be t e9 these values into Equation (44) and solving for K h , the result is:
The value tq is a function of temperature. The approximate dependence of tq on temperature has been investigated by Steinbruck, et al.5 Figure 3 Table 2 , the value of tq will be found by linear interpolation. (46)
The enthalpy of solution varies slightly with variation in the O/Zr ratio of the cladding.
The rate of heat generation due to hydrogen. uptake is calculated to not be as significant as implied by
Olander.3 Given the typical severe accident conditions as defined in Table 3 , Equations (41) and (45) calculate that the average rate of heat generation1 due to hydrogen uptake through the period of hydrogen uptake is only 36 W/m. This rate of heatup is small compared to the rate of heat generation due to oxidation under these same conditions, which is calculated to be about 400 W/m.
. Table 3 . Conditions for example calculation of rate of heat generation due to hydrogen uptake After the hydrogen concentration has reached the solubility limit (equilibrium level), the further heatup of the cladding results in a reduction in solubility and thus a release of hydrogen. The desorption of hydrogen is endothermic and results in the cladding functioning as a heat sink.
Cladding Cracking and Hydrogen Release c
Y
Hydrogen may be stored in the cladding due to hydrogen uptake during a period of steam-starved and then be released during a quenching period when the cladding may crack due to thermal stresses in cladding embrittled by a combination of oxygen and hydrogen ~p t a k e .~.~ The embrittlement of the cladding decreases its ductility to the point that the stresses induced by a temperature gradient during quenching may result in cracking of the cladding. So the existing-model in SCDAP/RELAPS for determining when the cladding cracks needs to be extended to account for the effect of hydrogen uptake on the structural integrity of the cladding during a reflood of the reactor core. The model will be applied to determine the time at which the cladding at any location may crack to the extent that hydrogen absorbed in the metallic phase of the cladding is released and oxygen from the coolant may contact the inner surface of the cladding.
A model accounting for the effect of hydrogen uptake on structural integrity will be presented that is based on the results of experiments that involved the reflood of hot fuel rods. Neither a theoretical model or a broadly-based empirical model appropriate for SCDAPRELAPS were found in the literature. The phase diagram for the Zr-H system as shown in Figure 4 provides an indication of the ranges of The experimental results can be used as a basis for extending the Chung and Kassner embrittlement model to account for hydrogen concentration and thickness of oxide layer. The extended embrittlement model is defined in Table 4 . Blank column entries in a row indicate that embrittlement for that row is not a function of those column entries. As shown in Table 4 , cladding with an oxide layer greater than 0.2 mm in thickness is defined to be embrittled independent of the values for beta phase thickness and hydrogen concentration. Cladding with a hydrogen concentration greater than 10 at.% is defined to be embrittled independent of the value of beta phase thickness or oxide layer thickness.
Embrittled cladding will be assumed to crack when it is cooled at the temperature of 820 K at a rate greater than 50 Us. The temperature of 820 K is based upon the Zr-H phase aagram and experimental results. As shown previously in Figure 4 . a phase change occurs in the Zr-H system for a broad range of hydrogen concentrations at a temperature of about 820 K. As shown in Figure 7 for an experiment 
5
performed for the QUENCH program at FZK, a ,significant release in absorbed hydrogen was observed to occur as cladding cooled to a temperature less than 800 K. 7 The cooling rate of 50 Us is based upon the cooling rate used in experiments that showed cracking of the cladding during quenching.
Ideally, a calculation would be performed clf the stresses and strains in the metallic and oxidic layers of the cladding due to the large radial temperature gradients which occur during the quenching of hot fuel rods. The calculated stresses and strains would be compared with a model that defined the stresses and strains for cracking of the cladding as a function of temperature and concentrations of hydrogen and oxygen. The application of these models would account for the reduction in ductility of the cladding that occurs in certain phases of the Zr-0 and Zr-H phase diagrams. But models to calculate these stresses and strains in the cladding require structural material properties as a function of concentrations of hydrogen and oxygen that are not available for high temperatures. So a determination of the times and localities at which the cladding cracks can only be based up0 n experimental results.
As shown previously in Figure 7 , the cracking of the cladding during quenching results in release of the hydrogen absorbed in the metallic phase of the cladding. This release of hydrogen will be modeled by applying the same simplified approach used in modeling hydrogen uptake after complete dissolution of the oxide layer. This simplified approach was presented in Section 3 and is justified by experimental results that show hydrogen is quickly released following a change in boundary conditions that allows the release of h y d r~g e n .~ After cracking of the oxide layer occurs, the oxide layer will be assumed to apply no resistance to the diffusion of hydrogen from the metallic layer to the bulk coolant. The rate of hydrogen release will be based on experimental results shown in Figure 7 . This figure shows that hydrogen was released during a 20 s period after the cladding cooled to a temperature less than 800 K. Hydrogen release is also caused by the oxidation of cladding? This mechanism for release occurs because the hydrogen solubility in Zr02 is very small. In this sense. hydrogen behaves similar to the fission product tellurium, which is strongly bound by Zr but not by Zr02.4 With respect to tellurium, oxidation "squeezes" the tellurium into the ever diminishing metallic part of the cladding and then a puff of tellurium release occurs as the last small part of the metallic layer is oxidized. Since the concentration of tellurium in the cladding is estimated to be much less than the concentration of hydrogen, oxidation of the cladding will not be considered to squeeze the hydrogen into the ever diminishing metallic layer. Instead, an immediate release of the hydrogen in the portion of the cladding oxidized during a time step will be assumed. The oxidation driven release of hydrogen will be calculated by the equation 
Implementation of Zr-H Interaction Models
The modeling of hydrogen uptake and its consequences requires the implementation of several different models into different parts of SCDAP/RELAPS. This section defines where in the SCDAPI RELAPS framework the different models are to be linked.
Five subroutines need to be programmed to calculate the five individual models defined in this report for Zr-H interaction; (1) OXDIF to calculate the diffusion of oxygen from the bulk gas into the cladding and to calculate the possible dissolution of the oxide layer, (2) H2UP-I' K to calculate the uptake of hydrogen in the cladding following the dissolution of the oxide layer in a steam-starved region, ( 3 ) EMBRTL to determine whether the cladding has been embrittled by oxidation and hydrogen uptake, (4) CLDCRK to calculate the time at which the cladding cracks at any location and thus paths are created for the release of hydrogen from the cladding to the bulk fluid, and (5) H2REL to calculate the rate of release of hydrogen from the cladding to the bulk fluid. These five subroutines will be connected to the existing SCDAPIRELAPS programming framework as shown in 
Testing and Assessment of Zr-H Interaction Models
The modeling improvements described in Sections 2 through 4 will be assessed using the results of four integral severe fuel damage experiments and with a calculation of a TMLB' accident in a PWR. The test matrix for assessment is defined in 13 test had a measurement of the transient mass flow rate of hydrogen out of the test bundle region and thus will allow assessment of the modeling of hydrogen absorption after dissolution of the oxide layer and the subsequent release of the hydrogen as the cladding continues to heatup. The FZK QUENCH 03077-2 test7 will assess the capability of the models to calculate the embrittlement of cladding due to hydrogen uptake and the release of hydrogen after cracking of embrittled fuel rods during quenching. The PBF SFD-ST test14 will be used to verify that the Zr-H interaction models have not adversely effected calculations for steam-rich environments in which minimal Zr-H interactions are expected. The Surry TMLB' problem" will be calculated to evaluate the effect of the Zr-H models on the behavior calculated for a severe accident in a full-plant.
Summary
Preliminary designs were described for models of the interaction of Zircaloy and hydrogen and the consequences of this interaction on the behavior of fuel rod cladding during severe accidents. The modeling of this interaction and its consequences involves the modeling of seven processes: (1) diffusion of oxygen from the bulk gas to the boundary layer at the external cladding surface, (2) diffusion from the boundary layer into the oxide layer at the cladding external surface, (3) diffusion from the inner surface of the oxide layer into the metallic part of the cladding, (4) uptake of hydrogen in the event that the cladding oxide layer is dissolved in a steam-starved region, (5) embrittlement of cladding due to hydrogen uptake, (6) cracking of cladding during quenching due to its embrittlement and (7) release of hydrogen from the cladding after cracking of the cladding. An integral diffusion method is described for calculating the diffusion processes in the cladding. The boundary conditions applied for the calculation of the diffusion of oxygen into the cladding are; (1) mass flux of oxygen into the external surface of the oxide layer equals the mass flux of oxygen into boundary layer at the external surface of the cladding, (2) oxygen to zirconium atomic ratio at the external surfact: of the oxide layer defined by the phase diagram for the Zr-0 system, (3) oxygen to zirconium atomic ratio at the inner surface of the oxide layer defined by the Zr-0 phase diagram, (4) oxygen to zirconium atomic ratio at the external surface of the metallic layer defined by the Zr-0 phase diagram (terminal solubility), (5) mass flux of oxygen at outer surface of metallic layer equal to mass flux of oxygen at inner surface of oxide layer, and (6) zero mass flux of oxygen at the inner surface of cladding. Experimental and theoretical results were presented that showed the uptake of hydrogen in the event of dissolution of the oxide layer occurs rapidly and that showed the release of hydrogen in the event of cracking of the cladding occurs rapidly. These experimental results were used as a basis for calculating the rate of hydrogen uptake and the rate of hydrogen release. The uptake of hydrogen is limited to the equilibrium solubility calculated by applying Sievert's law. The uptake of hydrogen is an exothermic reaction that accelerates the heatup of a fuel rod. An embrittlement criteria was described that accounts for hydrogen and oxygen concentration and the extent of oxidation. A design was described for implementing the models for Zr-H interaction into the programming framework of the SCDAP/RELAP5 code. An input option was proposed that provides the capability to compare the accuracy of the integral diffusion and parabolic kinetics methods for calculating cladding oxidation and resulting heat generation. A test matrix was described for assessing the impact of the Zr-H interaction models on the calculated behavior of fuel rods in severe accident conditions.
